ABSTRACT To accurately measure the performance of overmoded devices used in high-power microwave systems, a novel structure that effectively converts the TE 10 mode in a rectangular waveguide to a high-purity TM 01 mode in a circular waveguide is proposed. The circular TM 01 mode is excited by a hybrid rectangular E-T waveguide structure, which uses a circular waveguide as the E element. Convex slots loaded at the rectangular waveguide, axially symmetric about the cylindrical waveguide, are introduced to suppress the competing lower order TE 11 mode. A tuning stub loaded at the rectangular short wall is used to increase the frequency tuning range. The scattering matrix technique was used to study the mode converter along with the microwave network analysis method using some generalizations of the input port reflection and conversion efficiency, which were verified by the numerical full-wave simulation. Based on the theoretical analysis, an X-band TM 01 mode generator is designed and measured. Low-power tests show that, when the length of the tuner increases from 5.7 to 11.7 mm, a wide frequency tuning range of ∼500 MHz is obtained with a conversion efficiency of ∼99%. Measured results and the theoretical analysis are in good agreement.
I. INTRODUCTION
In recent years, high-power microwave (HPM) technology has been widely used in various fields. The relativistic backward oscillator (RBWO), as one of the most promising HPM generators, has attracted more and more attention owing to its high power, high efficiency, and high repetition rate operation [1] - [5] . A symmetrical TM 01 mode in an overmoded circular waveguide is used as the output in most RBWOs. Various kinds of devices, such as power combiners [6] - [8] and mode converters [9] - [11] , have been widely used in HPM transmission systems. Because of the need to verify the performance of these devices in the low-power state before assembling them with the RBWOs, a TM 01 mode generator with high mode purity, low port reflection, and compact configuration is required.
The conversion efficiency and port reflection are usually measured by a vector network analyzer (VNA), whose most common input and output ports are rectangular waveguides. Consequently, we need to design a mode converter that can convert the rectangular TE 10 mode to the desired circular TM 01 mode. Most of the research in recent years has focused on mode converters that convert the rectangular TE 10 mode to the circular waveguide TE m1 mode [12] - [14] or to the coaxial TE 01 mode [15] by using Y-type multichannel sidewall coupling. In [11] and [16] , it was reported that the circular TE 11 mode could be converted to the TM 01 mode via a serpentine structure. However, the structure needs to be long enough to get a high mode purity output. The structures mentioned above are not suitable for rectangular TE 10 -circular TM 01 mode conversion and little research has focused on this subject in recent years. In this paper, a tunable compact rectangular TE 10 -circular TM 01 mode converter as shown in Fig. 1 is designed and verified. In Fig. 1 the hybrid rectangular E-T waveguide uses a multistage circular waveguide as the E element. Convex slots are loaded at the rectangular waveguide to suppress the competing TE 11 mode and achieve transmission of the desired mode. A shorted rectangular waveguide terminates one end of the rectangular E-T waveguide. A tuning stub is loaded at the short wall of the rectangular waveguide to increase the frequency tuning range. We analyzed this structure theoretically using microwave network analysis method and verified the analytical results by performing a full-wave numerical simulation. The measured results showed that, when the length of the tuner increases from 5.7 to 11.7 mm, the frequency tuning range is ∼ 500 MHz with a conversion efficiency of ∼ 99%. This paper is organized as follows: In Section II, the theoretical analysis and design processes are described. Results of the numerical simulation are investigated in Section III. Experimental results and conclusions are presented in Sections IV and V, respectively.
II. THEORETICAL ANALYSIS AND DESIGN
The converter is divided into three separate components denoted as Sections A, B and C, as shown in Fig. 2 . Section A is a three-port device that contains two standard rectangular waveguides with convex slots and a small-radius circular waveguide. Section B is a standard rectangular waveguide with one shorted end. Section C is a multistage circular waveguide that effectively transforms the small-radius circular waveguide to the desired circular waveguide.
Generally, the desired circular waveguide can transmit more than three modes. To decrease the complexity of the structure and increase the output mode purity, the rectangular TE 10 mode is first transported to a small-radius circular waveguide through Section A. The circular waveguide with small radius will cut off modes higher than TM 01 but preserve the transmission characteristics of TE 11 and TM 01 modes. Based on the relative position of the rectangular and the circular waveguides in Section A, the circular TM 01 mode has the same normal component of the electric field and the same tangential component of the magnetic field as the rectangular TE 10 mode; the circular TE 11 mode has the same tangential component of the magnetic field as the rectangular TE 10 mode, as shown in Fig. 3 . According to coupled wave theory, when the rectangular TE 10 mode is injected into Section A, both the TM 01 and TE 11 modes will be excited in the circular waveguide. To suppress the TE 11 mode, convex slots are introduced to cut off the surface current of the TE 11 mode but not destroy the normal E-field distribution of the TM 01 mode. In our design, they are loaded at the rectangular waveguide and axially symmetric about the cylindrical waveguide. Fig. 4 depicts the H-field distribution in the rectangular waveguide when the TE 11 mode was injected from the circular waveguide of Section A. The TE 10 mode was excited in the rectangular waveguide without the symmetric convex slots, as shown as Fig. 4(a) . After loading the convex slots, the TE 10 mode could not be excited in the rectangular waveguide, as shown as Fig. 4(b) . According to the reciprocal property of Section A, the following conclusion can be drawn: The circular TE 11 mode could be completely suppressed when the convex slots are loaded at the rectangular waveguide. 5 depicts the E-field distribution at the output port of the circular waveguide before and after loading the symmetric convex slots. It illustrates that a pure circular TM 01 mode is obtained at the circular waveguide output port of Section A. Consequently, Section A can be seen as a three-port device.
The scattering matrix of Section A can be expressed as
As is well known, a three-port network cannot be perfectly matched. The reflection from the cylindrical waveguide must have an absolute magnitude between zero and one when the other two ports are matched, so by selecting proper reference planes, we intuitively assign S 22 a value of cos(θ). The specific value of cos(θ ) could vary from −1 to 1 by adjusting the parameters of the convex slots.
Because of the symmetry of Section A, S 21 = S 23 can be expected. For a passive, lossless, and reciprocal three-port network, the remaining terms are determined by applying the properties of the unitary matrix [17] . The results are
where the term (ϕ) in (2) denotes the phase delay of the TE 10 mode passing from port A 1 to port A 3 . The block matrices are as follows:
and
Section B is a shorted rectangular waveguide. The reflection coefficient of port B 1 can be expressed as
where 0 is the reflection coefficient at the short plane and equals to −1, and is the phase delay, associated with the length of Section B. Port B 1 of Section B is connected to port A 3 of Section A, and the scattering matrix of the cascaded network (as shown in Fig. 6 Selecting a proper reference plane for Section A, we can assume that ϕ = 0. Fig. 7(a) illustrates the transmission coefficient S 12 of Section AB as a function of . The transmission coefficient periodically changes with the same cycle 2π when cos(θ) takes different values, reaching a maximum at = 2nπ (n = 0,1,. . . ). When cos(θ ) varies from −1 to 1, the maximum of the transmission coefficient increases and then decreases, as shown in Fig. 7(b) .
The port reflection coefficient s 22 equals zero when the transmission coefficient of Section AB reaches one. From Equation (11) , by assumings 22 = 0 and = 0, the exact solution of cos(θ ) can be derived for nearly 100% conversion efficiency, that is,
It can be obtained from the above equation that s 22 = 0 when cos(θ ) = 1/3. That is, the reflection coefficient of port A 2 (cos(θ )) should be ∼0.3 under the condition of the other two ports being matched, and then the maximum conversion efficiency of the cascaded Section AB will be nearly 100%.
Section C is a multistage circular waveguide. Compared with a tapered waveguide, this kind of geometry has the advantages of compact structure and high transmission efficiency. In this paper, two steps are utilized to transform from the waveguide with small radius (port A 2 ) to the desired circular waveguide (port C 2 ). Accurate dimensions of Section A, B, and C should be optimized and provided via numerical full-wave simulation software.
III. NUMERICAL SIMULATION
The simulation models of all sections were built and optimized using three-dimensional (3D) electromagnetic simulation software. By considering the demands of an X-band RBWO [18] , a TM 01 mode in a circular waveguide (with a radius R 3 = 24.75 mm) at the X band was required. In this paper, an X-band standard rectangular waveguide (WR-90) is utilized in Section A. Fig. 8 shows a sketch of the converter. Modes higher than the TM 01 mode are cut off at the X band with D = 29.2 mm. Figs. 9(a)-9(c) depict the relationships between parameters of the convex slots and output mode purity. According to the simulation results shown in Fig. 9(a) and 9(b) , the output mode purity is almost 100% when L3 takes a proper value of ∼3 mm and L 4 varies from 38 to 48 mm. Therefore, we take L 3 and L 4 to be 2.7 and 38 mm, respectively. Afterward, length L 5 is optimized and the simulation results are shown in Fig. 9(c) . On the basis of high TM 01 mode purity, the reflection coefficient of port A 2 , cos(θ ), varies from 0.25 to 0.55 at 9.7 GHz as L 5 increases from 10 to 15 mm, as shown in Fig. 9(d) . The parameters L 3 = 2.7 mm, L 4 = 38 mm, andL 5 = 10.5 mm are finally obtained for a pure circular waveguide TM 01 mode output and cos(θ) = 0.3.
The optimized Section A cascades with different lengths of Section B. When L 1 varies from 29.8 to 71.8 mm (a variation of about one waveguide wavelength of the TE 10 mode at the X band in a WR-90 rectangular waveguide), the corresponding phase delay increases from 0 to 4π with a proper reference plane. The transmission coefficient of cascaded Section AB periodically changes with the phase delay , as shown in Fig. 10 . These results are consistent with the trend of the theoretical analysis. Thus, length L 1 is selected to be 29.8 mm according to the simulation results, satisfying both the requirements of nearly 100% transmission coefficient and compact structure. Table I lists the optimized parameters of Section AB. The scattering parameters of the cascaded Section AB are shown in Fig. 11 . The efficiency is > 99% with a bandwidth of ∼300 MHz. The dimensional parameters for Section C are also optimized by the 3D electromagnetic simulation software CST. Optimal dimensional parameters are given in Table II . As shown in Fig. 12 , the conversion efficiency is > 99.6% from 9.4 to 10 GHz. After the optimization design of the individual parts, simulations of the whole converter were conducted. As shown in Fig. 13 , the conversion efficiency for the total converter is > 99% from 9.58 to 9.88 GHz.
The distributions of the electric field in the mode converter are shown in Fig. 14 . It shows that, when the circular waveguide TE 11 mode was injected from the cylindrical port, there is no output from the rectangular waveguide port, whereas the injected circular waveguide TM 01 mode was effectively transformed into the rectangular waveguide TE 10 mode. This verifies the high-purity output of the circular waveguide TM 01 mode in the converter. A tuning stub is introduced to increase the frequency tuning range, which is loaded on the short wall (t = 6 mm, r = 3 mm), as shown in Fig. 8 . The function of the stub is to adjust the reflection phase of Section B, thus increasing the frequency tuning range of the mode converter. This structure is easy to manufacture and assemble. Fig. 15 depicts the simulation results. For the mode converter without the tuning stub, the frequency range is from 9.58 to 9.88 GHz with a conversion efficiency of > 99%, as indicated by the dashed line. When the length of the tuner increases from 5.7 to 11.7 mm, a family of conversion efficiency curves is generated. The profile of these curves represents the maximum conversion efficiency that could be obtained in the tuning process. The simulation results show that a wide frequency tuning range from 9.27 to 9.87 GHz is obtained with a conversion efficiency of > 99%. Fig. 16 shows the manufactured rectangular TE 10 -circular TM 01 mode converter and the measurement setup in the X band. A spiral micrometer is used as the tuning stub for high-precision and reproducible tuning, as shown in Fig. 16(a) . The converter was measured by using an Agilent E8363B VNA. The measurement is conducted with the backto-back diagram, which is very general in the converter test. Fig. 17 gives the measured results of the back-to-back measurement. Under the precondition that the converters used in the measurement were exactly the same, the conversion efficiency for a single-mode converter is ∼99% at 9.7 GHz. The measurement results are slightly lower than the simulation results. Besides ohmic loss, precision errors in processing and assembly are the main cause for the deviation of the VOLUME 6, 2018 transmission coefficient from the measured results with the simulated results. The peak points in the simulated and measured results might originate from the resonant characteristics of the back-to-back test system. The corresponding frequency of the resonance peak varies with different lengths of circular waveguide (h 0 or h 3 ), which is verified by the simulations and measurements. Fig. 18 shows the measured maximum conversion efficiency when shifting the length of the tuning stub from 5.7 to 11.7 mm. The frequency tuning range is ∼500 MHz (9.35-9.85 GHz) with a mode conversion efficiency of ∼99%. The measured results are basically in an agreement with the simulations.
IV. EXPERIMENTAL RESEARCH
The conversion efficiency and mode purity of the mode converter can fulfill the cold-test requirements for the devices used in RBWO systems, for instance, power combiner as shown in Fig. 19 . The measured results agree well with the theoretical calculation [7] .
V. CONCLUSION
In this paper, a novel hybrid E-T waveguide structure is proposed to effectively excite the high-purity TM 01 mode in an overmoded circular waveguide. A small-radius circular waveguide and convex slots loaded at the rectangular waveguide are introduced to suppress the competing modes. A tuning stub loaded at the rectangular short wall is used to increase the frequency tuning range. Characteristic parameters of the converter are analyzed by using the microwave network analysis method and verified by numerical full-wave simulation. Based on the theoretical analysis, an X-band TM 01 mode generator is designed. Low-power tests indicate that, when the length of the tuner increases from 5.7 to 11.7 mm, the frequency tuning range is ∼500 MHz with a mode conversion efficiency of ∼99%. The measured results and the theoretical analysis are in agreement with each other. The designed X-band TM 01 mode converter has been successfully used to test the performances of the devices in RBWO systems, for instance, power combiners and mode converters. The tested results agree well with the theoretical calculation.
